ABSTRACT Three strips of turkey breast meat were separately inoculated with multistraiii mixtures of Escherichia coli O157:H7, Salmonella Typhimurium. or Listeria monocytogenes and placed on the top, middle, and bottom levels of a loading rack. The strips on the rack were then loaded into a smokehouse and cookeddried for either 2.5 or 3.5 h at 73.8°C (165°F) or 1.5 or 2.5 h at 82.2"C (180T) with constant hickory smoking and without addition of humidity. Cooking-drying marinated turkey jerky at 73.8°C (165T) or 82.2°C (180TF) resulted in a >7.1 logia cfu/strip reduction of all 3 pathogens. For nonmaririated jerky strips that were inoculated with E. coli O157:H7 or L. monocytogenes and cooked-dried at 82.2°C (180°F). a reduction of >7A logio cfu/strip was observed, whereas for strips that were inoculated with Salmonella, a reduction of >6.8 logi<j. cfu/strip was observed. Cooking-drying nonmarinated turkey breast strips at 73.8°C (16ST) for 3.5 h resulted in a reduction of ca. 7.1 to 7.6 Ioglo cfu/strip for all 3 pathogens, whereas for strips that were cookeddried for 2.5 h. a reduction of ca. 5.4 to 6.2 loglo cfu/ strip was observed. Only marinated turkey jerky that was cooked-dried for 3.5 h at 73.8°C (165°F) satisfied the USDA-FSIS standard of identity (moisture:protein <0.75:1.0) or shelf-stability (water activity of <0.80), or both, requirements for jerky.
INTRODUCTION
Jerky-type products are an increasingly popular, shelf-stable, ready-to-eat (RTE) dried meat. However, human illnesses have been linked to commercially produced beef jerky and homemade venison jerky due to contamination with Salmonella spp. (CDC, 1995 : Eidson et al., 2000 : Smelser. 2004 ) and Escherichia coli O157:H7 (Keeae et al.. 1997) , respectively. In addition, there have also been recalls due to contamination of beef jerky with Salmonella spp. and Listeria monocytogenes (http://www.fsis.usda.gov/Fsis_RecaIls/index. asp). To date, poultry jerky has not been associated with foodborne illnesses or recalls, or both.
Between 1990 and 1999, the USDA-FSIS reported a cumulative prevalence of Salmonella and L. monocytogenes for meat and poultry jerky produced in federally inspected plants of 0.31 and 0.52%. respectively (Levine et al.. 2001) . In response to recalls and outbreaks epidemiologically linked to jerky and other RTE red meat and poultry products, the USDA-FSIS requires that commercial jerky manufacturers validate that their processes deliver a 5.0 Iog10 reduction for E. coli O157:II7 in beef and poultry, a 6.5 Iog10 reduction of Salmonella in beef,, or a 7.0 loglfl reduction in poultry, as well as meet the zero-tolerance policy or current compliance guidelines for L. monocytogenes (USDA-FSIS, 2001 . or both. In addition, the USDA guidelines require that jerky products have a moisturerprotein ratio (M:Pr) value of <0.75:1.0 to be classified as jerky and a water activity (a,,) value of <0.80 to be considered as shelf-stable (USDA-FSIS, 2004 , 2005 . If such conditions axe achieved, jerky products are shelf-stable for up to 2 yr when vacuum-packaged and stored at ambient temperature.
The consumption of turkey jerky has expanded rapidly over the last 10 yr due to its relatively mild fla-1275 vor and high nutritional value (http://www.meatprocessing-digital.com) compared with beef jerky. Several studies have been published on destruction of foodborne pathogens in the processing of beef jerky, but to our knowledge, there is a paucity of published literature on process lethality against pathogens in commercial or homemade poultry jerky. Therefore, the objective of this study was to evaluate the effectiveness of commercial cooking-drying processes for efficacy toward cells of E. coll O157:II7, Salmonella, and L. rnonocytogenes surface-inoculated onto marinated and nonmarinated strips of whole-muscle turkey jerky that were subsequently cooked-dried at 73.8°C (165°F) or 82.2°C (180°F) for 1.5 to 3.5 h.
MATERIALS AND METHODS

Bacterial Strains and Preparation of Inoculum
Detailed information on the growth-maintenance of the 5 isolates of L. monocykogenes (MFS2, MFS102, MFS104, MFS105, and MFS110), the 6 isolates of Salmonella Typhimurium (H3278, G7601. H3402, H2662, H3380. and G8430), and the 5 isolates of E. coU O157:H7 (EC505B. C7927, SLH21788, KSU21, and 380-94) used in this study can be found in Porto-Fett et al. (2008) . Briefly, a single colony of each isolate was individually transferred into 50 mL of brain heart infusion (Bectoii, Dickinson, and Co., Sparks, MD) broth and incubated at 37°C for 24 h with shaking (100 rpm). A 100-p.L portion was transferred into 50 mL of fresh brain heart infusion broth and incubated at 37°C for IS h with shaking. The resulting stationary-phase cells were harvested by centrifugation at 4,000 x g for 5 min at 4°C and were then washed and resuspended in 10 niL of sterile peptone water (0.1%; Becton, Dickinson, and Co.). The individual cocktails were prepared by combining approximately equal volumes of cell suspensions of each strain for a given pathogen, and the final volume was adjusted to 30 mL with sterile peptone water to yield ca. 9.5 loglo cfu/niL. Pathogen levels were quantified by spread-plating onto duplicate MacConkey sorbitol (Difco Laboratories Inc., Detroit, MI). xylose-lysine-tergitol-4 (Difco Laboratories Inc.), or modified Oxford (Difco Laboratories Inc.) agar plates for E. coli O157:H7, Salmonella Typhimurium, or L. monocytogenes, respectively. The MacConkey sorbitol and xylose-lysine-tergitol-4 agar plates were incubated at 37°C for 24 h and the modified Oxford agar plates were incubated at 37°C for 48 h before colonies were counted.
Inoculation and Processing of WholeMuscle Turkey Jerky
Between January and February of 2007, six batches of partially frozen, raw, whole-muscle turkey breast were purchased at wholesale and sliced into strips (ca. 15 cm length x 4 cm width x 7 mm height) weighing on average ca. 34.1 ± 8.4 g and stored at -18°C for up to 5 d. Before inoculation, the strips of turkey breast were thawed at 4°C for ca. 24 h. The strips were inoculated, but not marinated, or inoculated and then marinated in bulk as described previously (Porto-Fett et al.. 2008) . For those strips that were marinated, whole-muscle turkey breast was immersed in a, nonacidic (~pH 5.5) marinade solution applied at a ratio of 18.0% (vol/wt) relative to the weight of the meat for 15 min at 4°C. The commercial marinade solution, supplied and prepared as recommended by Wild Bill's Foods Inc. (Leola, PA), was formulated with soy sauce (water, salt, hyrlrolyzed soy protein, corn syrup, caramel color, arid potassium sorbate) and seasoning powder (black pepper, red pepper, and garlic powder).
Individual strips of whole-muscle turkey breast were separately inoculated on both sides of each strip (0.5 mL/side) of the inultistrain pathogen cocktails to a, target level on average of ca. 9.1 Iog10 cfu/strip, that being equal to ca. 8.4 Iog10 cfu/g. Next, the inoculated and noninoculated strips of turkey breast, with and without mariiiation. as well as additional filler strips of meat, were placed on stainless steel wire racks that were positioned horizontally on the top, middle, and bottom levels of a 3-level loading truck to fill the commercial smokehouse to capacity [volume = ca. 5,088 ft' (ca. 144.1 m3); Vortron Smokehouse, model TR2-1700; Kusel Equipment Co.. Beloit, WI]. Smoke was supplied using hickory wood chips (Gregory General Farms. Java, VA) and an external smoke generator (model 32 03 22. Koch Supplies. Kansas City. MO). The entire volume of air inside the smokehouse was exchanged ca. 40 to 50 tim.es/imn. When the smokehouse chamber achieved the target dry-bulb temperature of 73.8°C (165°F) or 82.2°C (180°F). the turkey strips were cooked-dried for 2.5 or 3.5 h or for 1.5 or 2.5 h. respectively, with constant smoke and with the dampers completely open. The temperature and RH of the air within the smokehouse and the temperature of the meat were monitored and recorded as described previously (Porto-Fett et al.. 2008) . After cooking-drying, the strips on the loading truck were cooled (10 to 15 min) to room temperature [ca. 22°C (72°F)I directly in the smokehouse by opening the door. The strips were then aseptically weighed and transferred into sterile bags (B00736WA, Nasco. Modesto, CA) and held on ice for up to 30 min until further processed.
Microbiological Analyses
For each of the 3 trials, 3 strips placed on each level of the loading truck for each pathogen type, for each treatment, and for each cooking-drying regimen were sampled. For enumeration of the initial populations of total plate count aerobic bacteria (TPC) and total lactic acid bacteria (LAB) on marinated and nonmari-nated strips, a total of 3 uncooked strips for each of the 6 batches of jerky were analyzed (n = 6 batches; ii = 3 strips per batch; 18 strips total). When levels of the 3 pathogens decreased to below detection (<1.12 logio cfu/strip or <0.06 Iog10 cfu/g) by direct-plating, samples were enriched as described previously (PortoFett et al.. 2008) . Bacterial numbers were expressed as logm cfu/strip.
Proximate Composition of Whole-Muscle Turkey Jerky
For each time-temperature treatment, the proximate composition of whole-muscle turkey jerky was determined using a 60-g composite sample of meat in 2 of the 3 trials comprised of ca. 20 g from 1 noniiioculated strip obtained from each of the 3 levels of the loading truck (n == 2 trials; n = 3 strips per trial) for both marinated and nonmarinated strips. The analyses were performed according to methods approved and described by the Association of Official Analytical Chemists (McNeil, 1990 ) as conducted by a commercial testing laboratory.
Statistical Analyses
Data were analyzed with version 9.1.3 of the SAS statistical package (SAS Institute Inc.. Gary. NC). An ANOVA was performed to evaluate the effects and interactions of cooking-drying time and temperature and proximate composition on lethality of E. coli 0157:117, Salmonella, Typhimurium, or L. monocytogenes on whole-muscle turkey breast jerky dried for 2.5 or 3.5 h at & target temperature of 73.8°C (165°F) or for 1.5 and 2.5 h at a target temperature of 82.2°C (180°F). Mean separations were performed using the least significant difference test.
RESULTS
Initial Levels of TPC and LAB in Raw Whole-Muscle Turkey Strips
The results showed the absence of any indigenous E. coli O157:H7. Salmonella Typhimurium. or L. monocytogenes by direct-plating (<1.12 loglo cfu/strip) or by enrichment on raw marinated or nonmarinated wholemuscle turkey breast strips (data not shown), or by both methods. Likewise, the initial populations of TPC or LAB were relatively similar among batches or treatments (n = 6 batches; n = 3 raw turkey breast strips per batch). The average levels of TPC and LAB on marinated raw. whole-muscle turkey breast strips were 6.01 ± 0.61 and 5.11 ± 0.63 logln cfu/strip (5.25 and 4.18 logm cfu/g), respectively, whereas for nonmarinated. raw whole-muscle turkey breast, the TPC and LAB populations were 5.69 ± 0.95 and 5.01 ± 0.30 logu) cfu/ strip (4.22 and 4.17 Iogi0 cfu/g). respectively.
Proximate Composition of Raw Meat and Whole-Muscle Turkey Jerky
In general, the results of the proximate composition analyses showed that the use of a marinade (~pH 5.5) did not significantly (P > 0.05) affect the pH, moisture, protein, carbohydrate, ash, fat, phenolic content, acidity, or M:Pr ratio of the final product among treatments compared with those strips that did not receive the marinade (Table 1) . However, when turkey breast strips were marinated, a. significant (P < 0.05) difference was observed in the levels of salt and values of aft for marinated jerky compared with those strips that were not marinated (Table 1) .
Regardless of cooking-drying temperature or whether or not strips were marinated, or both, the longer the cooking-drying time, the lower the values of ar, and M:Pr of the final product ( Table 1) . The results revealed that only marinated turkey breast strips that were cooked-dried for 3.5 h to a. target temperature of 73.8°C (165°F) achieved M:Pr (<0.75:1.0) and a,,-(<0.80) values required by the USDA to be designated as shelf-stable arid turkey jerky (USDA-FSIS. 2005).
Come-Up Time, Internal Meat and Smokehouse Temperatures, and RH During Cooking-Drying of Whole-Muscle Turkey Jerky
The average come-up time (CUT) to achieve the target air-smokehouse temperatures of 73.8°C (165°F) or 82.2°C (180°F) were ca. 18.9 ± 3.6 min (range = 13 to 25 min; Table 2 ). During cooking-drying at 73.8°C (I65°F) or 82.2°C (180°F), the average temperature of the air inside the smokehouse was 73.4 ± 6.0°C (164.1 ± 10.8°F) or 82.0 ± 0.36°C (179.6 ± 1.25T), respectively. The average internal temperature of the meat strips before cooking-drying was 15.7 ± 5.5°C (60.2 ± 10°F). The average internal temperature of turkey breast strips during CUT was 37.3 ± 15.8°C (99.1 ± 28.5°F) for strips that were cooked to a target temperature of 73.8°C (165°F), whereas for strips that were cooked-dried to a target temperature of 82.2°C (180°F), the average internal temperature of turkey breast strips during the CUT was 40.9 ± 15.7°C (105.7 ± 28.3T). The average internal temperatures of turkey breast strips from when CUT was attained throughout cooking-drying to a target temperature of 73.8°C (165°F) and 82.2°C (180T) were 64.8 ± 3.4°C (148.7 ± 6.1°F) and 73.5 ± 3.3°C (164.3 ± 5.9°F). respectively. The average initial RH inside the smokehouse immediately after closing the door was 49.1 ± 11.7%. However, during CUT for the 2.5-and 3.5-h cooking-drying regimens at 73.8°C (165°F). the RH decreased on average to 38.6 ± 7.5%, whereas for the 1.5-and 2.5-h cooking-drying regimens at 82.2°C (18Q°F). the RH decreased on average to 35.8 ± 9.0%. The average RH inside the smokehouse from when CUT was attained throughout cook- Table 1 . Proximate composition of marinated and nonmarinated whole-muscle turkey jerky strips that were cooked-dried at a. target air temperature of 73.8°C (165°F) for 2.5 or 3.5 h or at 82.2°C (180°F) for 1.5 or 2.5 h with constant smoke at an average RH of 29.9% during cooking-drying' 0.721'" ± 0.05 O^.es5"1 ± 0.78 4.57'" ± 3.87 4.58"1' ± 2.79 0:18" ±0.09 1.22'"" ± 0.23 0..11' 1 ±0.14 6.14" ± 0.28 0.95"h'; ± 0.00 43. 181"' ± 0.54 5230"110 ± 0.86 0.83"'' ± 0.00 1.84" ± 0.24 0:22'* ± 0.31 3.15"" ± 1.35 0.12" ± 0.02 0.79h"" ± 0.22 :l "Means with different superscripts within rows are significantly different (P < 0:05). lMea.n of 2 trials ± SD. Means represent the results from analyses performed on a composite sample (ca. 60 g) consisting of 1 strip from each of 3 levels on the loading truck in each of the 2 trials (rt -2 trials; n -3 strips per trial).
aw -\va,ter activity. ' M:Pr = moisturcrprotein ratio.
iiig-dryiiig was 29.9 ± 8.6%. After cooking-drying, but before opening the door of the smokehouse, the final RH was on average 29.1 ± 2.6% after 2.5 and 3.5 h at a target, temperature of 73.8°C (165T) and on average 23.4 ± 5.9% after 1.5 and 2.5 h at a target temperature of 82.2°C (180T). These levels of RH are well below the 90% level recommended by USDA-FSIS complia.nce guidelines for jerky products and are easier to attain in commercial processes.
Thermal Inactivation ofE. coli O157:H7, Salmonella Typhimurium, or L. monocytogenes on Whole-Muscle Turkey Breast Jerky
When turkey breast strips were cooked-dried at 73.8°C (165°F) for 3.5 h. the use of marinade did not significantly (P > 0.05) affect lethality toward the 3 pathogens tested; however, when marinated turkey breast strips were cooked-dried at 73.8°C (165°F) for 2.5 h. significant (P < 0.05) lower differences on lethality were observed for all 3 pathogens when compared with those strips that did not receive the marinade (Table  2) . Cooking-drying marinated and nonmarinated turkey breast strips for 3.5 h at a target temperature of 73.8°C (165TF) resulted in a reduction of >7.1 Iog1() cfu/ strip for all 3 pathogens tested. When marinated turkey breast strips were cooked-dried for 2.5 h at a target temperature of 73.8°C (165T). there was a >7.7 lo,a,0 cfu/strip reduction of all 3 pathogens. Cooking-drying nonmarinated turkey breast strips at 165°F for 2.5 h resulted in a reduction of ca. 5.4 to 6.2 logu) cfu/strip for all 3 pathogen cocktails.
For turkey breast strips that-were inoculated with E. coli O157:H7 and Salmonella and then cookeddried at 82.2°C (180°F) for 1.5 or 2.5 h; the use of a marinade did not significantly (P > 0.05) affect the lethality against either of these pathogens. However, when marinated turkey breast strips were inoculated with L. monocytogenes and then cooked-dried at 82.2°C (180°F) for 1.5 or 2.5 h. significant (P < 0.05) differences on lethality toward this pathogen were observed on marinated jerky compared with those strips that did not receive the marinade (Table 2 ). More specifically, (-."ikhig-dryhig marinated turkey breast strips for 1.5 or 2.5 h. at a target temperature of 82.2°C (180T), resulted in a reduction of >7 1 logn> cfu/strip for E. coli O157:H7, SalmcmeUa. and L. monocytogenes. When nonmarinated turkey breast strips were cooked-dried at 82.2°C (180°F) for 1.5 or 2.5 h, a >7.4 logl:0 cfu/ strip reduction was observed for E. coli O157:H7 and L. monocytogenes', however, a 6.8 Iog10 cfu/strip reduction was observed for strips inoculated with Salw.one.llo,. 
DISCUSSION
The USDA-FSIS recommends that commercial jerky manufacturers reassess and validate the lethality of their thermal processes (USDA-FSIS, 2004) . Several studies have reported on the thermal inactivation of foodboriie pathogens during processing of jerky made with ground or whole-muscle beef (Harrison et al., 1997; Faith et al.. 1998; Calicioglu et al.. 2002a Calicioglu et al.. ,b, 2003 Buege et al., 2006 : Porto-Fett et al., 2008 , but to our knowledge, there have been no reports on lethality of foodboriie pathogens in jerky made with poultry meat. In the present study, we validated the effectiveness of 2 commercial processes, that being cooking-drying turkey breast strips for 2.5 or 3.5 h at a target temperature of 73.8°C (165°F) or for 1.5 or 2.5 h at a target temperature of 82.2°C (180°F). for efficacy toward E. coli O157:H7, Salmonella, and L. monocytogenes during processing of jerky made with whole-muscle turkey breast meat. Our results revealed that cooking-drying marinated whole-muscle turkey breast strips for 3.5 h at a dry-bulb temperature of 73.8°C (165°F) or for 1.5 or 2.5 h at a dry-bulb temperature of 82.2°C (180°F) in a commercial smokehouse with constant (natural hickory) smoke and an average initial arid final RH of 49.1 arid 29.9%, respectively, resulted in a decrease of at least 7.1 Iog10 cfu/strip for each of the 3 pathogens tested. These results for turkey jerky are in general agreement with related studies showing a >6.4 log]0 reduction for E. coli 0157:H7. Salmonella, and L. monocytogenes in whole-muscle beef jerky that was processed at higher temperatures [>76.7°C (>170°F)] and shorter processing times (for up to 3 h), and with a RH of >20% (Buege et al.T 2006; Porto-Fett et al, 2008) . These results substantiate that regardless of the specie of meat or the maximum RH attained in the smokehouse, or both, the use of relatively short times and high temperatures for cooking-drying would satisfy the current USDA-FSIS lethality performance standards of E. coli O157:H7, Salmonella, and L. monocytogenes in jerky products.
In the present study, with the exception of strips that were cooked-dried at 73.8°C (165°F) for 2.5 h, ma.rination did not significantly (P > 0.05) affect survival of E. coli O157:H7, Salmonella, or L. monocytogenes compared with those strips that did not receive the marinade. Previous studies also reported that survival of pathogens on jerky during cooking-drying was not significantly affected by the use of a marinade (Faith et al. 1998; Calicioglu et al.. 2002a,b; Porto-Fett et al., 2008) . At a lower temperature (73.8°C; 165°F) and shorter processing time (2.5 h), these data suggested a synergistic effect of salt (NaCl; ca. 3.5%) content and spices in the marinade solution on inactivation of all 3 pathogens. Moreover, our results revealed that the use of a marinade and the duration of the cookingdrying step significantly (P < 0.05) affected the final values for av. In a previous study, we reported that when marinated and iionmarinated whole-muscle beef jerky was cooked-dried at 82.2°C (180°F) for 2.5 or 3.5 h, the USDA-FSIS-recommended M:Pr and av-values were achieved (Porto-Fett et al.. 2008) . Differences in achieving the M:Pr and a,v in beef versus turkey jerky may be explained by differences in their proximate composition and in the form, shape, and thickness of the meat tested.
The present study substantiated that cooking-drying marinated whole-muscle turkey jerky for 2.5 or 3.5 h at 73.8°C (165°F) or for 1.5 or 2.5 h at 82.2°C (180°F). with constant (natural hickory) smoke and with a decrease in RH from 49.1 to 29.9% during cooking-drying, is sufficient, to meet the current performance standard of a 5.0 log 10 lethality for E. coli O157:H7 and a 7.0 log]0 lethality for Salmonella, as well as to meet the zero-tolerance policy or compliance guidelines, or both, established for L. monocytogenes in RTE poultry products (USDA-FSIS, 2001 ). However, to meet the USDA-FSIS shelf-stability requirements for jerky, that being a M:Pr of 0.75:1.0 and an aw of <0.80, turkey breast strips must be marinated and cooked-dried for at least 3.5 h at 73.8°C (165°F). More importantly, following the processes validated herein will satiate existing regulatory requirements and result in high-quality products that remain safe and wholesome.
